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; FOREWORD

These tests were conducted at the U. 5. Army Engincer Waterwsys i

Experiment Station (WES) as a part of the vehicle mobility researsh pro-
gram under DA Project 1-V-0-21701-A-O46, "Trafficabtility and Mcbility
Research," Task 1-V-0-21701-A.046-02, “Mobility Fundamentals ar.d Model

1t

Studies,” under the sponsorship and guidance of the Directorate of
Research and Development, U. S. Army Materiel Cormand.

The tests were performed by persomnel of the Mcbiiity Reswvarch Branch,
Mobility and Envirommental Divisicr, WES, during the period November 1963
to March 1965 under the gemeral sunervision of Messrs. W. G. Shockley and
S. J. Knight, and under the direct supervisicn of Dr. D. R. Freitag.
Actively engesed in the study were Messrs. A. J. Green, J. C. Chang,

N. R. Murphy, Jr., M. D. Beasley, and H. B. Boyd. The data were analyzed :
by Messrs. Creen and Murphy. This report was prepared by Mr. Green.

COL Alex G. Sutten, Jr., CE, and COL John R. Oswalt, Jr., CE, were
Directors of WES during this study and preparation of this report.

Fr. J. B. Tiffany was Technical Director.
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; CONVERSION FACTOES, METRIC TO BRITISH UNITS OF MEASUREMENT

Metric units of measvrement us=d in this report can be converted to British
aite as follows:

. amal aks v ana

: Mudtiply By To Obtain

i meters 3.2808 feet

' centimetars 0.3637 xaches

millimeters 0.03337 inches ;
§ kilonewtons 225.0 tons j
i newtons 0.2250 pounds
| aewtons per square centimeter 1.4503 pounds per square inch |
fw grams per cubic centimeter &2.4300 pounds per cutic foot

- kilograms 2.2045 pounds

meter-newtons 3.7382 foot-pounds
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SUMMARY

This study eremined the effects cf tire deflection, tire geometry,
wheel load, and soil strength on the performance of coarse-grained soils
subjected to moving tire loads. Mathematical expressions were deveioped
that combine the independent tire-soil and system parameters and relate
them to tne performance coefficients.

3/2
A combination of independent parameters, _Gip_d%___ X % , was devel-

oped from single-wheel laboratory tests. This expressior, referred to as
the sand mobility number, is shown to account for the combined effects of
s0il strength (G), tire section width and diameter (b and d, respectively),
wheel lcad (W}, and tire deflection (8/h) on wheel performance as measnwred
by the performance coefficients.

A multiple-pass analysis was conducted to illustrate that perfor-
mance on the second and third passes also could be related to the sand
mob:i ity numher, although the relation was rot the same as that for the
first rass. It was shown in a similar fashion that the perrormance of
vehicler on coarse-grained soils could be predicted using a relation based
on the sand modility umber.




i
z, PERFORMANCE OF SOILS URDER TTRE LOADS

DEVEIL PMENT AND EVALUATION--OF MOBLLITY
NUMBERS FOR COARSE-GRAINED SOILS I

PART I: IRTRODUCTION

Bac und

1. The mission of the Mobility and Envircumental D.+ision of +ihe

U. S. Army Engineer Waterways Expeciment Station (WES) is to conduct
research that will lead to an improvement in the overall mobillity of
ground~contact military vehicles. Before marked improvement in mobility
can be effected, an understanding of the fundamental relatioms of terrain-
vehicle systems must be developed. One phase of the research is the
development of mathematical expressions that (a) include all pertinent

: independent tire and soil parameters and (b) can be used to predict the

I performance of soils under moving tire loads.

‘ 2. The details of the test program "Performance of Soils Under Tire :;
Loads" and the essential test equipment and techniques thereof are de- |

’ scribed in Report 1 of this series, and subsequent reports in the series

i contain first-order analysis of varicus portions of the test data.l Basic
data rrom previous tests of this program and data from other WES field

test programs2 are the principal sources of the data presented herein.

Purpose of This Study

3. The purpose of this study was to develop relations between the
performance coefficients and independent tire-s0il and system parameters
that would (a) be useful to the designer in selection of the number and
size of tires required to achieve a desired degree of mobility and (b) per-
J . mit predistion of the soft-soil performance of pneumatic-tired vehicles.

Scope
k, This study was limited 10 tests with single wheels and a




four-wheel-drive test vehicle on one air-dry sard in the laboratory, and a -
review of selectcd data from tests with nine different pneumatic-tired
vehicles on dry-to-moist undisturbed beach and dune sands. Each single- .

whec._ test usually consisted of a series of five consecutive passes of a
test tire in the same path. During these laboratory tests, soil strength,

wheel load, tire geometry, and tire deflection were varied. The tires

selected for the tests, designated basic test tires im this report, pro-

vided a4 systematic variation in tire diameter and secticn width, and per-
mitted an evaluation of (a) model-prototype relations and (b) the effects
of tire width and diameter on performance. Tire loads and inflation pres-
sures were varied to produce hard-surface deflections of 15, 25, and 35
percent. During the tests with the basic test tires, sand consistency
varied from 0.7 to 8.3 N/(:ma/cm* penetration resistance gradient (density
approximately 1.4 to 1.65 g/cm> - O- to 15-cm cone index approximately

7 to S0 psi). In the field data selected for this analysis, tire load,
tire geometry, tire deflection, and scil strength were variable quantities.

Special Definitions

5. Certain terms that facilitate analysis of data and commumication
! of test results are rigorously defined in Report 1 of this series. Only
those additional terms that are comsidered essential to this report are
defined below.
Dertk of influence: The depth range (e.g. O to 15 cm) for which
¢ changes in density of the soil noticeably affect the performance of pneu-
matic tires. In this %ext, the depth of influence is assumed to be equal g
to the section width of the tire.

Dynsmic load transfer: The transfer of load from one axle to another
resulting from differential rutting, slope of surface, or appiication of
torgue to the wheels.

Dynamic radius (re): The undeflected radius mimus the dynamic in-
s0il deflection measured directly bepeath the axle.

————— .=

% A table of factors for converting metric unite o1 measurement to British
units is presented on page vii.
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Internal mlling resistance: The force required to tow a given
vehicle in neutral gear on en unyielding surface.

Penetration-resistance gradient (G): The slope of the curve of
venetration resistance versus depth averaged, in this ampalysis, for a
depth equal to the width of the tire.

Spissitude {8); Change in a soil's resistance to penetration as a
result of the rate of deformetion. The meaning of this word is somewhat
similar to that of viscosity, but it is utilized to avoid misuse of the
rather specific tectmical meaning of viscosity.

Towing force (maximm drawbar pull): The maximm sustained towing

force a self-propelled vehicle can produce at Iis drawbar under given
test conditions. (Note: Towing force-load ratio approximates maximum
slope negotiable.) -




PART 7X: SO1L PKEPARATION AND TESY BQUIPMENT

Soil Preparation

6. The sand used in the laboratory tests was taken from an active
dune near Yuma, Arizona. Fig. 1 shows the gradation and clessification of
tkis soll, which was classified as SP-

U S. STANDARD SIEVE NUMBERS )
20 30 40 50 70 00 140 200 SM in accordanc. with the Unified Soil
100 T T 1 1] 0
i iL \\\ RIS Classification System. The field tests
]
90 ’l } hY 10 vere conducted on undisturbed sands in
by i : |1
H L r\ - the desert near Yuma, Arizona, and on
80 :% S T i ~20 various besches in the United States
Tf* *~\” T and abroad.
70t s 30
i VI &  Laboratory tests
o [HimtTo anan -
% 60t : ~ti-{a0 g T. In the laboratory tests the
3 PN ot ¢ sand was placed in the soil bins shown
Cip P v
£ sofH - 44450 € in fig. 2. Five bins were joined end
rd R :
; f ™ M 7 S to end to provide a test course long
0 |-ty ! s
§‘ 0o ! ! ‘éoé enough for *he test carriage to be ac-
by 7 e M 4
* 3ol | L 76 4 celerated to the desired speed, a
; i MEE
SV SN programmed-s1ip test to be conducted,
phe i o
20{-+— - — 80 and the carriasge to be decelerated.
HYUMA  DENSITY, G/CM’ ! The actus’ test lane wes two bims, or
' SAND  MAX WIN
Ofcas 167 1.4 Y i 16.5 m, long. The soil in these two
B R ST SR DU
olli? o oo bins was harrowed to a depth of 43 com,
5&5,4 mmm‘&g 005 and the surface was compacted with a

pneumaetic-tired roller and leveled

Fig. 1. Gradation and classifi- pefore each test. The objective of
cation of Tuma sand

the soll processing was to prepare
wiform tesv sections in which the increase in strength with depth was
spproxinately linear to a depth st ieast as great as the width of the test
tire. This objective was achieved generally, but there were exceptions.
Typical profiles, representing two different strength levels, are shown
in fig. 3.
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Field tests

8. Surface slope and soil strength were measured on the unprepared
(natural) test areas, otherwise the areas were not disturbed prior to
tests.

Test Equipment

Test tires

9. Basic test tires. For the test program, a basic set of test

tires was selected to provide a systematic variation in the principal tire

dimensions--diameter and section width. These tires are shown in fig. L,

2w §
o~ v

i\\ ~

4.00-2 . 4.00-20 5.00-16 9.00-14 S
Fig. 4. Basic test tires
and their dimensions are as follcws.

Rominal Diameter Section Section

Size cm Width, om Height, cm

4.00-7 35.8 10.7 T-9

i .00-20 1.2 10.7 8.1

6.00-16 T2.2 16.8 13.5 :
9.00-14 72.2 21.1 16.3

6
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|
The dimensicps listed are average values, as the actual size varied |
slightly with inflation pressure { “able L). The exterior dimensions of
the 9.00-1Y4 tire are approximately twice those of tke 4.00-7. The diam-
eter of the 4.00-20 tire is almost the same as that of the 9.00-1h4, but
is twice that of tme 4.00-7. The section width of tke L.00-20 tire is
about half that of the 9.00-1%4 tire and the ssme as that of the 4.00-7
tira. The diameter of the 6.00-1& tire iz the sam= as that of the 9.00-1k [
and approximately the same as thst of the 4.00-20, but the section width
is of intermediate dimension.

10. These tires were of flexihie, two-ply construction with neariy
circular cross sections ard were buffed free of tread. They were mounted
on steel rims with standard fianges and tested without tubes. Detaiied
tire data are listed in table 1.

1i. Validation test tires. Four itires, of dimensions different
from those of the basic test tires, were used to validate the performance
relations developed from tests with the basic test tires. The validation
test tires were selected because they representea a wider range of sizes i
and shapes than did the basic tires. Furthermore, in some of the tests ?
conducied with these tires, the penetration resistsnce-depth curves were
different from those associated with tests of the basic tires in that
the sirength usually increased wniformiy with depth to a depth of only
15 cm. At greater depth, the rate of increase varied, but was generally
less than that of the firat 15 ecm. The validation test tires are shown
in fig. 5, and their dimensions are as follows.

bt

Section Section i
- Diameter Width Height
Nominal Size ciR cH CcR
16x15-6R (Terra tire) %3.2 38.6 13.2
11.00-20 oL .8 29.0 2.8
1.75-26 (bicycle tire) 71.6 k.3 3.6
9.00-14 9.1 21.8 1.7 -

‘ The 11.00-20, 12-FR standard military tire has essentiaily conventionsl
- proportions, and was tested with a tube.*

* This Uire was tested on a large, single-wheel dynamometer carriage
congidered to be mechanically equivaient to the one described in
paragraph 12.
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Fig. 5. Validation test tires

The 1.75-26 tire is a common commercial bicycle tire and also regquires a
tube. Its diameter is about 16 times its width. The 16x15-6R Terra tire
is tubeless and its width almost equals its diameter. The 9.00-1%, 2-FR
tire was of the same general size and shape as the basic test tire of the
same size, Validation test tire data are given in detail in table 2.
Test carriage

12. The single-wheel dynamometer test carriage (fig. 6) is instru-

merted to provide a continuous record cf pull, torque, wheel sinkage, wheel

Joad, velocity, and slip. A detailed description of the carriage is given
in Report 1 of this series.
Test vehicles

13. The vehicle performance data selected include data from tects
with conventional pnewmatic-tired vehicles used in the field and a modi-
fied four-wheel-drive vehicle used in the laboratory. Pertinent wvehiclie
and tire data for the field tests have been extracted from Supplement 17
of Technical Men:orandum No. 3~2L\O.2 Tire dimensions of the field test

vzhicles are as follows:




Fig. 6. Test carriage in position on soil cars

Nominal Section Section
Tire Diam,d Width, b Height, h
Vehicle Size cm cm cm
M38A1, kx4 Jeep, 1/b-ton* 7.00-16 76.2 18.42 15.88
M37, uxh truck, 3/{x-ton 9.00-16 86.4 23.37 21.21
M3k4 and M35, 6x6 truck, 2-1/2-ton 11.00-20 104.9 23.70 24.13
M1, 6x6 truck, S-ton 14.00-20 12h.5 36.83 30.48
DUXW 353, 6xb truck, 2-1/2-ton 1k.00-20 124.5  36.83 30.48
(Amphibizn}

Bucket loader, 4x4 tractor 1%.00-24  134.6 36.07 30.48
Tournadozer, 4xi tractor 21.00-25 166.4 55.63 k5,72
M520 GOER, ixh cargo carrier, S5-ton 18.00-26 160.0 k6.99 h0.13
XM520 GOEK, Lxh cargo carrier, 5-tom 15.00-3%  165.6 k5.97 36.83

* Multiply by 0.907185 to get metric tons.




PART III: LIMENSIONAL FRAMEWORK

14, In a brief analysis uf the bearing capacity of soft soils urder
tracked vehicles, Markwick3 introdvced dimensional ancslysis as a means of
ssudying soil-vehicle systems. Other experimenters bave used similar
techniqies as an aid to vehicle mobility research. Their work is de-
scribed in references 4-15. Several of the references contain & develop-
ment of the Pi terms related to the soil-vehicle system. Therefore, this
report only contains tabulations of the pertinent tire-soil parameters
ang the Pi terms used to dev:lop fumctional equations.

Indenendent Parameters

15. The independent paramcizrs of a soil-vehicle system were

divided into three groups: scil pzrameters, tire parsmeters, and system

parameters.
Mass, Length, Time
Parameter Symbol (MLT) Units
Soil:
Friction angle ¢ -
Cohesion c Vi
Density y ML 22
Spissitude B Yo
Tire:
Diameter 4 L
Section width b L
Section height h L
Defiection 5 L

System:

Load
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Mass, Lergth, Time

. Paremeter Symbol {MLT) Units
. System (Cont'd): ;
; Translational velocity v 't |
: Slip S -
{ Tire~-soil friction f - :
! Acceleration of gravity g 1772

Dependent Parameters

16. The dependent parameters of the system in this study were the
major pverformance characteristics:

Parameter Symbol MLT Units
Puil P i7
Towed force Py M2
k- . Torque Q MLQT-e !
: Sinkage z L ;
Pi Terms (General Functional Equations) ;

17. 7he ‘ndependent and dependent parameters listed in para-~
gra; 15 and 16 were combined, using the diameter d as a characteristic

tire dimension, to generate the foilowing Pi terms:
Term Descrizbive T.tle
;§- Pull coefficient
. . E . -
i— Sinkage coefficient 3
-?ﬁ Torque coefficient
Py
T;- Towed coefficient

{ Contimued)

i



Term Descriptive Title .

2
E%— Clay loading number .
43

Sand loading number

Shape number

Defiection number

Height-diameter ratio

Froude number

Velocity number

Angle of internal friction
Wheel slip

Tire-soil friction
t 9

0l <
H,on e gaz: DJ Loy o oo t'

(jenerel Functional Equations

18. The Pi terms enumerated in the preceding paragraph can be com-

bined to produce the following general equations, which are siailar in form
8,15

-
ot S S

to those presented by other authors.

For the pull coefficient:

P_f,abh¢cd27d3V2W :
a vt lgracar?rwe N cEarew e s f !

i
' IPC) T SRR S SO . S
a R°a’*d’ » T I gd s s »
: For the torque coefficient: i
::7\0 2 -['5{‘5"‘:
@ e (2,2,n g, 2 F o0, ) 3
w rraca oW rEOBRw S T 18
K
¥ 5
e
T - *g § :.»: TTTE - — I ™ T ~§"§" e ﬁ,;.r;f
N - Te - 7 e rl’; i = - * =7 :V;s‘:f»:;.& ,?;:::F %

i
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For the towed ccefficient:

fo"n(éEE.;El_e_Zﬁ_ )
¥ R’a’>a’?”’> W W gd’BWwc’®>

Simplification of Functional Equations

19. By control of the tes*. conditions and the use of certain sub-
ctitutions in the basic Pi terms, the preceding eguations can be simplified
to manageable proporticns, and the more important relations between the
variables of the tire-soil system can be svaluated systematically.

Soil parameters

20. A soil that is ~a.1mo:,t purely frictional was seiected; thereby
the cisy loading number -c-%z— was eliminated. Penetration-resistance
studies conducted prior to this test program indicated that the effect of
velocity on the penetration re-istance of this air-dry sand was negligi-
tle; therefore, the velocity number % was omitted in the simplified
analysis.

21. Several experimenters have shown that the friction angle ¢ of
a cohesionless, dry sand is proportional to the density ¥ .16’}7 There-
fore, § was not included as a separate parameter. It has been determined
also that the penetration-resistance gradient G is related to the
density of a frictiopal soil. Since the penetration resistance .3 a very
sensitive indicator of density change and since in-situ density mesasure-
ments are difficult to obtain in loose =2ir-dry sand, the penetration-
resistance gradient G was substitilted for 7 . Both terms are expressed
in similar units, ML 2772 | Tt should be noted that in dry, cohesionless
sand, the penetration resistance at the surface will be small and will not
greatly affect the value of the gradient.

Tire parameters

22. Four tire geometry parameters-- b , d , 5 , and h --were con-
sidered in this analysis. The three Pi terms chosen to represent these
parameters were % . -3. , and . The basic test tires are roughly toroi-
dal in shape; hence, the ratio of section height to section width is very

o

13
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nearly constant for the group. This permitted the number of Pi terus to
be reduced to two, % and % . The tire diameter J was chosen as the
characteristic tire dimension in the first phases of the analysis. Leter,
detailed examination of the data allowed the other tire dimensicns %o be
incorporated in the loading numeric.

System parameters

n

23. The four performance coefficients, the tire-to-scil friction
coefficient, the Froude number, and the slip value are considered system
parameters. OSince it was not considered practical to study the effect
of slip as an independent varieble, the pull, torque, and sinkage coef-
ficients were evaluated at a constant siip value. The slip value chosen
was 20 percent. There are several reasons for this choice. The maximm
pull developed during laboratory tests generally occurred near 20 percent
slip. Also, it was observed that soil-to-soil failures, as evidenced by
the formation of visible shear planes ! fig. 7), occurred during the tests
as tie slin value approzched 20
percant; similar observations were
made during the fieid tests. The
fact that soil-to-soil failures
were otserved justifies the dele-
tion f the tire-soil friction
term f . The effect of speed on
performance was assumed to be
negligible; therefore, the Froude
Fig. 7. Shea; displacements in mummober g was deleted from the
tire path general functional equations.

2Lh. The range cof slir values associated with the towed coefficient
was quite large, but the slip in this cas2 can be considered a dependent
variable and was rot includ~d in the simplified functional equation for
the towed coefficient.

Refinements
25. Torque coefficient. The torque coefficient é% can be made

more explicit by replacing the dismeter 1 with the dynamic radius T,
to obtain the form 537 . Since the dynamic radius mcre closely
e

1k
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approxinates the moment arm of the ’soil forces that provide the resistance
to the applied tosque Q , the magnitude of the torque coefricient in this
form is wore nearly equal to the sum of the pull and towed coefficients.
(If the tire is on a plane surfece that is paraliel to th. travel direc-

tion, and if the towed force Pp 1s equal to the m ticn resistance at

P P
e Q 20, ‘%
20 percent slip, then —-——rew = =+ 7 .)

26. Tire deflectio. ( laboratory data). In these tests, the wheel

was loaded pne‘:ma.tical]qr,l and the applied lecau wa- continuously recorded.

In scome instances, the pneumatic loading cystem was unable to provide a
constant losd during a specific test. Since the inflation pressure re-
mained relatbtively constani, the deflection of the tire was affect=d by
these changes in load. This swigested that the data used in the dimen-
sionless numbers should be those corresponding to the conditions actually
irmposed or tne wheel at the time the performance was measured. To effect
the needed adjustments, a series of plots similar to the one shown in
fig. 8 were utilized. For example, if the planned ioad W and deflection
number 15—1- vere 1000 N and 1% percent, but the loed dropped tc 955 W
during the test, the corresponding deflection would be 14.5 percent

(f£ig. 8). 1The values of the sand loading number G—-%-é , the sand mumber

3/?
Q(E_d_.L“_ , and the sand mobil-

oo ;
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parameters could be delineated with greater assurance.
27. Tire deflecti~ (field data). Becauss of the conditions pre-

vailing in the field, deflection data were not obvained for every cambinsa-
tion of load and inflation pressure tested. Thererore, it was necessary
tc estimate the test tire deflection from a plot such as that shown in

fig. & using the load and inflation pressure recorded for each test.

Pi Terms (Simplified Functional E_uations)

28. From consideration of the restriciions and simplifications dis-
cussed in the preceding paragraphs, Pi terms used in the analysis are as

follows:

Term Descriptive Title

Pull coefficient

Sinkage coefficient

Torque coefficient

Towed coefficient

(V]

Sard loading number

Shape pumber

2}
BT Rujor !:IS ‘:l._;u m::',p [~RIS I 1.

Deflection number

24. The simplified functional eguations become:

16
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Analysis

30. The purpose of this analysis was to determine systematically
the effect that changes in soil strength. wheel load, and tire geometry,
including defiection, have or perforaance.

Effect of soil strength

2

w 2
that ircludes soil strength. As stated in paragraph 7, the test sections

31. The simplified functioral eguatioces contain only cne term,

were constructed sc that the slope of the penetration resistance versus:
depth relation wes relatively constant. However, for the evalustior of
the labtoratory and field tests with abpnormal profiles, it was necessary
to devise a method to account for the :ffect of the deviations from a
linear strength-depth relation. Existing scil mechanics theories indicate
that the depth range for which changes in denrity or scil strength affect
the bearing capscity of sand is proporticnal to the width of the footing--
in this case, the tire. On the other hand, the resistance to the torque
of a powered wheel is developed by displacements perpendicular to the width
direction. Thus, the thecories provide only general guidance. Examination
of some of the early test data suggested that the results of tests on
markedly dissimilsr strength-depth profiles could be grouped by simply
averaging the penetration-resistance data for a depth range equal to the
width of the tire.

32. As a check, tests were conducted in specially prepared test sec-
tions in which abrupt changes in soil strength occurred at various depths.
Plate 1 shows penetration-resistance curves for a series of such test sec~
tions. The rate of increase in strength with depth in both the upper and
lower soil layers was pearly constant for this series of tests. Perfor-
pance data for an 11.00-20 tire in these test secticns ~re tsbulated on
the following page.

33. These data indicate that changes in the strepgth of the soil
below a depth of approximately 24 om, which equals 0.83b in this case, did
not noticesbly affect the level of performance (plste 2). It ig recognized

18

Praves

[FOvI——.

." "w,‘«r":» .
2 A_Miﬁ‘:,.m&

oy
T




T T - ' P

)

. Deflec- Depth to Wheel Pull
Test iou Discorti- Sinkage Torque  Pull Wheel Coefficient
No. EA nuity, cm em m-N N Load, N E/M
79 15 9.50 3.66 2463 2088 13,622 0.153
82 15 16.00 4.30 2293 1155 13,524 0.085
: 85 15 17.80 6.58 2399 G11 13,622 0.067
; 87 15 20.60 5.98 2541 22 13,755 C.0%0
i 89 15 23.60 8.48 2660 711 13,72k G 052
? 91 15 27.26 8.8k 2788 720 13,710 0,052
81 15 20.85 8.38 2717 1 13,773 €.052
! 93 i5 34.30 9.07 2893 729 13,555 0.05k
¢
; 80 35 9.5¢ 2,34 3247 5Ek4 14,502 0.389
| 8l 35 16.00 2.41 2908 L4489 13,755 0.327
| 86 35 17.80 2.69 2755  hooo 13,853 0.280
2 88 35 20.60 2.64 2788 3733 13,856 0.269
l 0 35 23.60 3.17 2752 3%k 13,778 0.264
L 92 35 27.20 3.48 2752 3555 13,600 0.262
’ 82 35 29.85 3.63 2766 3422 13,355 0.256
s 9l 35 34.30 3.91 2823 3511 13,600 0.258

that the depth of influence also will be affected by the relative scil :
strength of the layers. “ince the slopes of the penetration-r2sistance
curves in the upper layer for the specially vrepared test sechions

{plate 1) were spproximately equal to the median slope for the tests con-
ducted with the basic test tires, it was assumed that the proposed pro-
cedure would yield a reasonable median for the basic tests. The test data
also suggest that tire deflection wes not a major influence on the depth
over which the soil strength affacts test results. For analysis of subse- !
quent tests, then, the penetration-resistance gradient G was averaged .
. for a depth range equal to the tire width. o5
. 34. The reliadility of G as a measure of the relative consistency
~ of the soii is demonstrated by date obtained from tests ix whish tire
geometry remained constant. Plates 3, 4, and 5 contain plots uf the
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P
dependent performance coefficients % s é R ?gi y and T? versus the sand

lcading number g%— . These data were obtained from a series of tests with
the 9.00-14, 2-PK tire operating at deflections of 15, 25, and 35 percent.
The maximm plsnned wiieel load was 3950 N and the minimum, 1006 N. The
s0il gradient G ranged from 0.7 to 6.6 N/cm?/cm. Some data scatter is
evident, but there is no tendency for the data to separate by load. Om
eack plot, a single smooth curve was used to delineatze the relation be-
tween the independent verisbles and the sand loading number g%— . It was
concluded from these dnta that the soil parameter G was a satisfactory
inéization of tue relative strength or density of this soil.

35. Thke curves that describe the relations of pull, sinkage, and
towed coefficient to t1= sand loading number are generally bkyperbolic in
shape. The largest velues of the pull coefficient are associated with the
largest values of the sand loading number. Converscly, the largest values
of sinksge and towed coefficients are associated with relatively small
values of the send inading number. The torque coefficient increases
slightly as the sand loading mmber increases.

Effect of load
36. 1In the preceding paragraphs, the effect of load variations on

performance was not discussed. The effect of changes in load can be ex-
amined by comparing groups of tests using a single tire size at a constant
deTlection number. Plate 6a presents data obtained from tests with a
9.00-1k4, 2-PK tire at 15 percent deflection and is a plot of the pull
coefficient versus the soil strength parameter G . A separate curve is
reqnired to represent the test date for each lcad. When the same pull
coefficient dsta are plotted versus G/W (plate 6b), a single curve can
be used to represent all loads (d is constant). This indicates ihat the
effect of load was adequately considered in the sand loading number.
Effect of tire geometry

37. Evaluation of model-prr totype relations. Results of tests con-
ducted with the 4.00-7 (model) and the 9.00-1L (prototype) tires were used
to determine whether the tire performance data followed a true model-
prototype relation. The pull, sinkage, towed, and torque coefficients were .
uged to compare the gimilarity in the geometry of the two systems. Plate 7
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contains the dsta for tests conducted at 35 percent deflection. Tests

at 15 and 25 per-ent deflecticn showed simiiar results. The data are
intermingled on each plot, indicating gromeiric and dynamic similarivcy
between model and prototype. This comparison also corroborstes the as-
sumption that velocity effects vere negligible for the speed range repre-
sented since hoth size tires were operated at the same forward (iinear)
veloeity during these tests, rather tkan at scaled velocities. In
addition, these data also support the use of the soil sirength parameter
G . The slopes of the penetration-resistance curves were averaged over
a depth approximately equal to the width of the test tire used. Since
the slopes of the penetration.resistance curves were not constant ir each
case, the intermingling of test data seems to indicate that the effect of
the soil properties was adequately reflected in the soil strength
parameter.

38. Effect of tire widtk. To determine the effect of tire width
on performance, tests were conducted with three tires of nearly equai di-
ameter but of different widths. These were the 9.00-1%, 6.00-16, and
4.00-20 tires; their shape numbers {b/d) were 0.291, 0.233, and 0.150,
respectively. The first step in analyzing the effect of width was to
determine the relation of the four performance coefficients to the sand
loading ruamber. Data for tects conducted at 15, 25, and 35 mercent defiec-
tion are given in tables 3 and 4. Similar relations were found at all
three deflections. Results of tests at 35 percent deflection shown in
plate 8 are typical. PFamilies of curves delineate the relations of the
four performance coefficients to the loading number, with a separate curve
on the plot representing the data for tests with each tire.

39. The second step was to construct cross plots to relate the
shape number to the loading mnumbers at geveral ievels of performance for
each deflection number. Plate 9 shows cross piots of data from the rela-
tions of pull coefficient and sinkage coefficient to the sand loading
number for the three deflectiong. Prom these logarithmic plois, the rela-
tion of the reciprocal of the shape number to the sand loading number can
be expressed as follows:

o ——
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where K 1is a constant of proporticnality. Raising both sides to the 3/2

pover:
/
&2 13/26,3
b372 W

G..A3/2_ 1
bd) = = constant
Tz( K372

k0. This leads to the conclusion that for each constant value of a
performance coefficient for a given deflection number, there is a corre- |

sponding value composed of the pervinent independent varisbles, including

2 /2
fo/ -,
the shape pnumber. This combination, fi—-%—-—- , is designated the sand

numoer. To illusirate the date collapse achieved with this nmumber, the
performance coefficients were plotted versus the loading number from tests
at 15, 29, and 35 percent deflection. Results of the tests at 15 percent
deflection shown in plate 10 are representative. Note that the data do
not separate on the basis of tire size. The relation of each of the four
pexrformance coefficients to the loadirg number is well defiined. However, i
in an earlier analysis of these dza:!;a.,"‘5 the relation of tbz torque coef- ‘
ficient to the sand number was not well defined. The improved definition
is beilieved to *2= due to the increased range of data evailable for analy-
sis and the correction of the deflection nmumber to account for changes in
load during the tests (see paragraph 26). i
k1. Effect of tire diemeter. The sand number should adequately P
accomnt for the effect of tire diameter on the masmitude of the perfor- e
mance coefficients. Data obtained from tests with the 4.00-20 {Ti.2-cu R
diameter) and 4.00-7 (35.8-cm cdiameter) tires were used to evaluate this
hypothesis. Plate 11 contains data from tests conducted at 25 percent
deflection. Similar results were obtained from tests conducted at 15 and
35 percent deflection. Some scatter is evident (this appears to be large
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. ecause of the scale used for the sand number), but the intermingling of
the plotted points representing the two tires Jdemonstrates that the sand
number adequately accounts for' the effects of tire diameter.

42, Effect of tire deflection. In the analysis of the effects of
soil strength, tire width, and tire diameter on the wheel's performance,
it was readily appsarent that tire deflecti>n significantly affected the
level of performance. Plates 12 and 13 present the relation of the pull

and sinkage coeificients, respectively, to “he sand number. Smooth curves,
representing constant values of the deflectioun ratio, =re used in both
plates tc deliszeate the relations of the performence coefficients to the
sand number. Note that the curves are of similar shape, but the values of
the performance coefficients are obviously a function of tire deflzction
as well as of the factors included irn the sand mumber.

43, The effects of deflection were determined from cross plots of
the coordinates of points on the faired curves in plstes 12 and 13. The
reciprocal of the deflection number was plotted versus the values of the
sand number for several constant values of the pull and sinkage coeffi.. ;
cients. The rnlations that appear in plate 14 can be described adeguacvely '
by a family of straight lines through the origin. The general mathematical ’
expression for this family of straight lines is

it cormartn e o

or

e s o b A ve e ..
&

I vhere K is the constant associated with a given value of a performance
coefficient. This expression, which combines ail of the independent Pi
terms in the simplified functional equations (cee paragraph 22), is termed
the sand mobility number. Plate 15 shows tbe relation of the pull, sink-
age, toryue, and towed coefficients to the sand mobility znumber. The data
points are shown to indicate the range of scatter. Symbols show the dif-
ferent deflections corresponding 4 each test. Some scatter is evident
but no separation by defiection numbers is noticeable. Thus, the validity
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of the sand mobility mumber has bezen established for s range of the de-
f ection number (roughly 0.1 to 0.4). The form of the relation is such
that as the defiection number approaches zero, the sand mobility number
approaches zero also, which, in turn, implies very poor performance. A
low deflection alore does not necessarily result in poor performance.
Therzfore, the quality cf the relation must diminish at the very low
veives of the deflection muber.

Evaluation of the Sard Mobility Number

44. Laboretory data obtained prior to this study offered an oppor-
tunity to evaluate the adequacy of the sand =mobility number when tires
heving shapes different from those in the basic group were cousidered and
whan the rate of increase in the strength of +he =s0il with “epth was
decidedly nonuniform. The laboratory data also permiited an evaluaticn of
the relation of the sand mobility number to the performance coefficients
for multiple nasses in the same tire path. The available field data,
although not directly comparable in many cases, illustrated the applica-

bility of the sand mobility numter to anslysis of the performance of
actual vehicles in ratvrel scil.

Validation of single-wheel tests

45. Selected single-wheel performance cata from tests previously
corducted (tatle 5) were compared with the performancz predicied from the
relations developed in this analysis. Plate 16 compares the data obtained
from tests with an 11.C0-20, a 9.00-1%, a 16x15-6R (Terra), and = 1.75-26
{bicycle) tire with the ideajized performance curves. The bicycle and
Terra tire data were included to illustrate that the performanca coeffi-
cients of these tires with extremely different shape numbers confornm to
the same relation developed for the morz conventional tires. The 11.00-20
data were included to increase the range of tire ciamelers studied. The
9.0G-14 data were considered because the soil strength profiles associated
with these tests were gquite differeni. from those for the basic group of
tests with that tire. Representative soil strength profiles for tests
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. with the 9.00-14 basic and validaticn test tires and the 11.00-20 and Terra

tires are shown in plate 17.
L6. Although considerable scatter is apparent in plate 16, the

idealized curves form & reasoneble average of the validation data group.
On the whole, these data support the performance relations developed. The
scatter in the sinkage data (plat2 16b) can be attributed in part to diffi-
culties experienced in obtaining reliable sinksge measurements.
Relstion to vehicle performance

47. Multiple-~pass performsnce of single wheel. On most poeumatic-

tired vehicles, two or more wheels travel in the same path. The perfor-
mance of each wheel is influenced by the soil condition created by the
preceding wheel or whzels. The result is considered to be similar to the
verformence of a single wheel on each of multiple passes in a single path.
Flatz 18 end tables 6 and 7 contain performance data for the single vre=el
for tre second and third passes in the same path. The pull and torque
sm2tvicients developed during the second and third passes are lower than
first pass velues when compared at equal vslues of the mcbility number.

In plate 19, average curves representing the pull data for the first three
passes of the wheel are summarized to empbasize the effects of repetitive
traffic. The soil strength measured before traffic (tables 3, 4, 6, and 7)
was used in computing the values of the sand mobility number, and this could
contribute sigaificantly to the scatter of the data points in plate 18
because the soil strength may increase or decrease under the action of
the traffic, depending on the initial soil strength, the wheel load, tire
size, etc.

43, FPlate 20 shows the relation of the pull coefficient *o the sand
| mobility number for the second and third pass performance when the soil

strength valuzs measured just prior to cach pass were used to compute the
mobility oumber (tables 8 and 9). The use of the "during traffic" soil §
strength values reduced the scatter samewhat for euch pass, but the curves
) used to delineate the relations are not substantially -lifferent from those
- : based on the "pefore traffic" strengtn data (plate 18). First, second, and
- L tnird pass pull coefficient curves are compared in plate 21, and it can be i ;3;’:%
S 5 seen that performance generaily decreases with traffic. Soil strength :
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values measured before each pass were used to compate the sand mobility
nunber. The second and third pass ilorque coefficiant curves were also
generally lower than those developed on the first pass (tables 3, 6,
and T). The reason for separation of the pull coefficient first- and
third-pass curves at the higher values of the mobility nimber is not known;
however, the associated torque coefficient curves also separated.

49. vVehicle tests (laboratory). The next step in establishing +he
utility of the sand mobility number was to evaluate the performance of an
actual vehicle ¢perating under controlled conditions in the laboratory.

The test sections were prepared in the same manner as those tor the single-
wheel tests. The four-wheel-drive (LxL} test vehicle was moqified so that
all wheels vzuld rotate at the same speed, and the sprirg suspension sys-
tem was replaced with rigid connections. These revisions, while nct prac-
tical in everyday use, ensured that all wheels would operate at the same
slip and that the wheel loads would not e influenced by dynamic oscilla-
tions. If the single-wheel apparatus ond the test vehicle operate at the
same degree of efficiency, the pull versus sand mobility number relation
coefficient developed by the four-wheel-drive vehicle (table 1Q) should

“e the same as the average of the pull coerfficient relations for the first
and second passes of a single wheel. In plate 22, the results of the
vehicle tests are shown as discrete datva points, while the smooth curve
represents the average of the first and second pass curves for the single
wheel. The average curve was obtained from plate 19 simply by averaging
the pull coefficients from each curve at common values of the sand mobility
number. This curve adequately vepresents the relation formed by the per-
formance data for the vehicle.

50. Vehicle tests (field). Field tests have been conducted on
coarse-grained soils in varinus parts of the world with a varie®y of mili-
tory vehicles.2 These test results (table 11) are not fully comparable
to the laboratory tests because the send at the test sites usuall;” wus

moist or even wet, and the drawvar-pull tests usuvally were not run at a

controlled slip. 1Insteed, tests were ruu at several levels of pull, and
only the data relevant to the maximm drawpar attained were recorded for

each test in the reference. Therefore, certain assumplions were necessary
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. to effect a first-order evaluatior of the mobility rumber. These are as
follows:
. a. The cchesive forces were negligible; i.e., the surface cone

index readings were small in relation to subseqguent
readings.

7

An equivalert G can te computed from the O- to 15-cm

. penetratlion-resistance data recorded in the reference.

i This implies the approximation that the rate of increoase

; in strength with depth (3) was constant for a given field
! test to a depth 2gual to the width of the test tires used.

¢. The vehicles were loaded so that each tire carried zn equal
share of the Jjoad.
1. Resul*s of tests with Lkxl and 6x6 vehicles listed in table 3 of !
; reference 2b are recorded in table 11 and pleotted in plate 23. The inter-
mingling of data points for tests with a variety of vehicles and with
drfferent tire sizes, tread pacterns,; and inflation pressures demoncstrates
that the sand mcbility number and the assumptions listed in the preceding
paragraph provide a valid basis for grouping vehicle performance dats. A

2ingle curve has been drawn in plate 23 to delineate the average relaticn
of the pull coefficient to0 the sand mobility number for ali the vehicles.
Ccmparison of vehicle and
single-wheel performance relations

52. In plate 24, the field performance data for the test ve'icles

.re compared to the average of the first, second, and third pass perfor- |
rance curves obtained Jor single wheels in the laboratory. The single-
wheel data were evaluated in terms of the soil strengch ~ata measured
before traffic, since only the before-traffic strength data were available
' for the fi¢'d tests. 3Bouh curves have the same gz=nieral shkape, but the

L e e —d e+ o

ordinate values of the two curves differ by a nearly ccnstant amount; i.e.,

the single-wheel data indicate a greater pull for a par...ular sand mohil- 1
ity number than was achleved durirg the vehicle tests. Ther¢ are several § |
" factors that couid conmtritute to the differencez observead. These include
differentiel wheel slip (froat to rw=ar snd/ur side to sidz), uneven wheel
‘ loading due to dynamic _oad transfer, and i:~reased rolling resistance
- caused by imperfectly t—acking rear wheels.
| 53. In plate 25, the relation of the towed coefficient te the sand
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mobility mmber is compared to a similar relation developed for single
wheels in the laboratory. These data for the field tests are listed in
table 12. The difference in the ordinate values of the two curves at any
value of the sand mobility number is equal to 2.5 percent of the wheel
load or vehicle weight. Again, there are several factors that could con-
tribute to these differences. These are i .ternal friction and increased
motion resistance due to imperfectly tracking rear wheels. ‘

Performance Predictionﬁ

Sh. The relation of the single-wheel pull coefficient and the pull
coefficlient deteimined from vehicle tests :o the sand mobility number
(plate 25) offers the basis for a tentative performance prediction system
and for dezign criteria for vehicles operating in dry-to-moist sands.
Plate 26 contains curves representing the relations of the pull end towed
coefficients for wheeled vehicles to the sand mobillty number. These
curves can be used to forecast the mobility of existing vehicles or to
select tires that will provide the desired degree of sand mobility for
existing or proposed vehicles. At the present time, it is suggested that
the curves be used with caution because the research effort must be
broadened to effect refinements of the strength parameters and the deflec-
tion purameters. It also must be extended to include larger tires and
tires of unusual shape. The following examples are given to illustrate
the possible practicsl use of the curves in predicting performance of spe-
cific vehicles. In each example, it has been assumed that each tire
carries an equal share of the load. In addition, the assumption has been
made that the tangent of a slope climbed is practically equivalent numeri-
cally to a pull coefficient. The basis for this assumption is given in
reference 18. Field tests conducted since that time have generally veri-
fied this assumption.ab Usually for a given set of test conditiohs, the
meximm pull coefficient is approximately 0.02 greater than the maximum
slope negotiated. However, for this analysis, this slight difference has
been ignored.
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Example 1

Given:

Find:

Solution:

Conclusion:

55. So0il strength and wheel load are given; slope-climbing ability

or maximum drawbar pull zan be computed as in the cal:zulations that follow.

M135, fx6 truck, 2-1/2-tor

Gross vehicle weight {nW) = SOkN

Number of wheeis (n} = §

Wheel load (W) = 13.3 kN

Soil strength (G) = 5.4 N/cmg/cm

11.00-20 single tires: b = 28.7 cm; 4 = 104.9 cm;
()32 - 165,000 @5 5/ = 0.35

Maxirum drawbar~pull coefficient and slope

negotiable.
 opa)3? &L 5:4(165,000)(0.35)
a= ey K= T13.3 x 1000

0= 2205

Reading from plate 26, P/W = hetween 0.21 and 0.22;
or from the equation for powered wheels in

plate 26:

\Nn

+ o

0
53.31

-
~
3

=y
Y P

2.

9]

d

P_ 23.5 - 5.5
w 2.1x23.5) + 33.11

= 0.216

=iy

This vehicle, under the conditions specified, can
climb a 21 percent siope; or on ievel ground, it
cen tow an object whose resistance does nct exceed
2). percent cf the weight of the prime mover.
Finally, slope and maximum drawbar pull may be con-
sidered toyether; e.g., on a 10 percent slope, the
vehicle can pull a trailer whose rolling resis-
tance does not exceed 11.0 percent of the vehi-
cle's weight.
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Exgggle 2

Given:

Find:

Sclution:

56. TFor design purposes, the equation can be maunipulated %o solve
for tire size when the allowable deflection, the minimmm scil strength.
the design wheel lcad, and the required slope-climbing sbility or drwsbar

pull are known. This is illustrated in the following caiculations.

Configuration = 6x6 vehicle, single~tandem tires
Gross vehicle weight (nW) = 125 kN

Number of wheels {n) = 6

Wheel load (¥) = 21 kN

Soil strength (G) (minimm} = 5.4 N/em®/cm
Siope = 20 percent

Maximum allowable deflection (8/h) = 0.35

Tire sizes compatible with given conditions.

«/2
) s
* W h

2/
Solving for (bd)”’g yields:

3 W

(va) /2 =0 X é%

and from the equation shown, the relaticn of the

pull coefficient (equivalent to slope climbed) to

the sand movility number (plate 26),

o= 333 RN 5.5
T 1 -Zz12 P

Substituting the above for  :

3/2 _ 33.31 P+ 5.5 Wn
(08)™" = F==mimmre= X =

(pa)3/2 - (33:3100.2) + 5.5 21 x 1000
S W= - € ) {5.0)(0.35;

(bd)3/2

[}

234,600

vd = (234,600)%/3
vd = 380k cm®

3¢




Conclusion:

Example 3

Tire selection: Try 11.00-20, 12-PR nondirectional

cross country; b = 28.7 cm; d = 104.9 cm;
t x d = 3011 < 3804 (inadequate)

Try 14.00-20, 12-PR nondirectional cross country;

b=36.8 cmy d=124.5 cm; b x d = 4585 > 3804
(adequate)

Try 46x18-20R, 8-PR Terra tire; b = 50 om
@ =115 ecm; b x 4 = 5750 > 3804 (a,dequa.tes

The 14.00-20 and the LEx1B-20R tires are adeguate.
1n the foregoing example, only two tires were
demonstrated to be adequate. Obviously, there are
many tires that fulfill the requirements from a
robility standpoint. The designer must select the
tire that represents the best combination of sta-
bility, ground clearance, height of truck cargo
bed, cost, ete.

57. The mobility of a vehicle-treiler combination also may be esti-

mated using the curves shown in plate 26. In thic example, a minimm soil
strength, a maximumm slope, and the required vehicle and trailer data are

known quantities. The necessary steps are given delow.

Given:

M37, bxbh truck, 3/4-ton

Gross vehicle weight (nW) = 26.7 k¥

Number of wheels (n) = 4

Wheel load (W) = 6.67 kN

Soil streagth (G) (minimm) = 5.% N/cm/ca

Slope (maximum) = 10 percent

9.00-16 tires: b = 23.k cm; 4 = 86.4 cmy
()32 - 90,730 amd; 8/h = 0.35

Mi01, 2-wheel trailer

Gross vehicle weight (aW) = & kN

FNumber of wheels (n) = 2

Wheel load (W) = & kN

9.00-15 tires: b = 23.4 cm; & = 86.4 cm;
(6a)?/2 - 90,730 a3: 5/h = 0.3
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Pind: Is the vehicle-trailer combiration mobile under

the conditions specified?

il
j
i Sclution: a. Vehicle pull:
! A

/ 5 2 .
! g = G2d) / o« & . 5:1490,730)(0.35)
j W h £.67 x 1000

0 = 25.7

Reading Sfrom plate 26, P/W = 0.22%; or from

the equatior for powered wheels in plate 24:
P

P _ 2 -5.5
Woz2.l2n + 332
P___ 25.7-5.5
W o2.12(25.7) + Z3.:1 (
2=o0.220
4]
1
Mexirmm drawbar pull on level ground = ,'1;- (W) =
(0.230)(26.7) = 6.14 ki
b. Maximm drawbar pull of vehicle on 10 percent :
slope: Maximum drawbev pull on a& 1C percent
slope = ::i (nW) - slope (nW)
= (0.230){26.7) - (0.10){(26.7)
; §
= 6.24 - 2.67 i
= 3.47 X, or 2WTC N '
c. Trailer rolling resistance {level surface):
/) ]
Lsea)Y? s 5.400,730)(0.35) |
: W h 4 x 1000 E

L= 5426

Reading from plate 2€, PT/V = 0.077; or from )

“he equation for towed wheels in plate 26:

‘ Pr _ 0.0004k 0 + 0.0055
¥ — = L3 . + 2
! W " G.0LiGh ¢ - 0.0098 & 0085
h P _ 0.000M{L2.9) ¥ 0.0055 ¢ oo i
7 = 0.0115452.9) ~G.0%55 & °+0¢
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P
< = 0.053 + 0.025 = 0.078

Rolling resistance on level ground {MiOl)
P
P, = <F (oK) = 0.07B(8) = 0.62+ ki, or 62 N

RBolling resictance on 10 percent slinpe:

o

Rolling resistance on a 10 rcreent slope
P.

’'D

= 0.62k + [0,1)(8) = 1.h2 kN

Is meximm drswbar pull of an M37 on a 10

percert slope greater than the rolling

{nW) + slope (W)

1o

resistance of an ¥101l traller on a 1C per-
cerit elope under the conditions specifiea?
Maximm drawbar pull of apn M37 on a 10
percent slope = 3.47 kN. Rolling resist-
ance of M10l on & .0 percent slope = 1.L2 XK.
The M37's drawbar pull 1is grester.

Conclusion: ‘Vehicle's drawbar pull exceeds the trailer's roll-
ing resistance, so the vehicle-trailer combina-
tion will be mobile under the conditions specified.
Carrying the calculations further, it can be seen

that the combination would ze immovilized om a

slope of 15 to 1€ percent, i.e., let
{giope) (M37 wveight) + (slope) (¥I01 weight)
+ roll sg resistance (MIOl) = maxirim drawbar pull

.
(M27) (26.7) (slope) + {8) {slope) + 0.62h = 6.14
! 34.7 {slope) = 5.52

sicpe = 0.1

Examplie &
58. An sll-wheel-drive wvehi:le has °:finite advantages over similar
vehicles with nonpowered elements. The relations of pull and towed force

to the sand mobility numter can tve used to snow the advantages gained by

Lad
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poweriug all the wheels. The M37, discussed in the previous example, can

*e used as a Llxb or kx2 vehicle, because the front axle can be engaged

manvally.

Given:

&)
2o
B

v

M37, kx4 truck, 2/4-ton
Gross vehicle weight ‘nW) = 26.7 kI
Number of wheels (n) = &
Wheel load (W) = €.67 kN
Soil strength (G} (minimmn) = 5.4 N/cmz/cm
$.00-16 tires: b = 23.4 em; 4 = 86.L cm;
(+a)3/2 = 90,730 @’; 8/h = 0.35
Performance of M37: (a) as a Lxbh and (o) as a 4x2.
a. Pull coefficient and/cr slope negotiable for
LxL configuration:
From a of example 3: 2 = 25.7; P/W = 0.230

Pall coefficient and/or slope negotiable for

|or

Lx2 configuration:

P/ = maximrn drawtar pull of rear wheels minus

rolling resistance of front wheels

(1) Maximm drawbar pull cf rear wvheels:
From a of example 3: P/W = 0.230
Total weight of rear axle = 13.3 kX
Maximm drawhar pull (0.230){13.3)
= 3.06 kN

(2) Rolling resistance of front wheels:
From the calculation of the sand mobility
number givea in example 3: 4 = 25.7; and
readirg from piate 26, Pp/W = 0.085; or
from the equation for towed wheels in

plate 26:
Pr _ 0.0004% 0 + 0.0055 + 0.025
W  0.01144 Q - 0.0295 :

Pp o, 25.7) + 0.0055 -
i o.ou;% 25.7; T o095 T 09
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Lav oY R A 1y st .

-.FT = 0.065 + 0.025 = 0.089

Total weight on front axle = 13.3 &N
Total roiling resistance on front wheels
(0.0893{13.3) = 1.18 kN

Maximum drawbar pull {rear) (3.C6 ki)
ing resistance (1.18 ki) = 1.88 kN

~

= = 0.070

!
o]

e

i
PR ol

L R

-~

Conclusicn: The Lxh will ocuiperfor— the 4x2. The latter would
be immocbilized on slopes of 7 percent or greater,
while the uxl could negotiate slopes as steep as

23 percent.

-~

o
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29.

TART V: CONCLUSICNS AND RECCMMENDATIONS

Conclusions

The foregoing analysis is considered adequate basis for the

|

following conclusicns:

The soil parameter G adaguately defines the strength of
soil for the range of conditions encountered in the labora-
tory tests. {Paragrapk 3k.)

The deflection parsmeter 5/h is adequate for the range
of deflections considered. (Parsgrasph 43.)

The performsnce of pneumatic tires operating in sand, when
speed and slip are constant, is dependent on the tire
diameter, width, and deflecticn orn load, and on soil
strength. In dry sand, these fectors can be combined into
the dimensionless expression

3/2
©xa)>®

- 5 ( Paragraph L6.)

The aversge of the pull coefficients for the first ard
second pass of a singie wheel forms a reasonable average of
the points representing rerformance data for an actual Lxk
vehicle under la%oratory conditioms. {Paragraph 49.)

: G(1>d)3/2 & .
The expression - X T adeguately collapses the
fieid performance datae; i.e., the reiation betweeu the
vehicle's fiela performance and the sand mobility number is
similar to the relation for the leborstory performance data
and the mobility number. {(Paragraph 51.)

The relations found can be utilized for tentative design
criteris or performance prediction. (Paragrapans 5L-58.)}

Recommencations

It is recommendzd that:

The study of effectiveness of the soil sirengtn parameter
be extended.

The rauge of tire deflection conditions tested be broadened
and the possibility be investigated of altering the form
of the sand mobility —umber so that the performance of
rigid wheels can be . _osidered.

36
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- ¢. Larger tires and tires of different basic shapes be in-
cliuded in this program. .

d. The program be extended to other soiis, including those
that have both cchesive and frictional strength.
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Table 8

Penetration Resistance Gradient, First
Pa3g, Basic Test Tires

Der Ign renetration- Pesign Penetration-
Deflection Resistance Deflection Resistapce
5 Gradient, G ) CGradient, G
Test No. h N/cx/cm Test No. h X/ce?/cm
k.00-7, 2-FR 6.00-16, 2-PR { Continued)
164 798A 0.15 5.3 165 354 0.15 1.2
164 824 0.15 5.4 164 810A 0.15 2.5
164 82s5A 0.15 3.1
164 799A 0.15 5.4 16l 8164 c.75 |
164 8coA 0.15 5.2 165 37A 0.25 4.6
164 8o1A 0.15 4.9 164 818a 0.25 5.0
164 8214 0.15 3.k 164 819A 0.25 0.8
165 32A 0.25 0.5
164 827A 0.25 6.0 1€5 33A 2.25 Q.7
164 8284 0.25 6.5 16k 812A 0.25 4.3
164 o 0.25 8.2 164 817 0.25 2.9
164 820A 0.25 3.5 165 34 c.25 1.0
16k 8224 0.25 4.3
164 829A 0.25 6.6 164 €034 0.35 1.7
164 Boga 0.25 3.9 164 EiA 0.35 5.3
164 A 0.3% 5.3
16k B33A 0.35 6.2 16k 815A 0.35 1.5
164 83hA 0.35 5.7 165 3hA 0.35 1.0
165 1A 0.35 7.5 16 8114 0.35 4.3
1% 8304 0.35 6.4
1 24 0.35 1.5 v
164 8324 .35 5.8 2:0-24, 2:FR
- 164 T78s 0.15 2.4
4.00.20, 2-FR 16 T79A 0.15 1.8
- T80A 0.15 L.y
0.15 1.8 164 T86A 0.15 5.3
0.15 2.6 164 TThA 0.1%5 1.6
0.15 5.6 P& 7 0.15 2.6
0.15 4.2 164 7824 ¢.1e 3.5
0.15 2.0 164 7834 0.15 1.5
0.15 3.3 164 7834 0.15 5.4
0.15 k.1 164 T75A 0.1% 1.7
0.15 5.2 13 TI6A 0.15 2.8
164 761A 0.15 3.5
0.25 7.6 1% T64A 0.15 5.2
0.25 b7 164 787A 0.15 2.5
0.25 5.0
0.25 L | 165 54 0.25 3.2
0.25 0.9 165 LA 0.25 3.5
i65 74 0.25 6.6
0.35 8.0 165 A 0.25 3.9
0.35 1.2 165 27A 0.25 3.7
0.35 8.0 165 & 0.25 0.9
0.35 5.3 165 & 0.25 c.8
0.325 .8 165 2f 0.25 0.7
1% 284 0.25 0.9
1 3% 0.25 2
6.00-16, 2-P8 165 2EA 0.25 4.8
0.15 1.7 165 0.35 6.1
0.15 3.8 165 1A c.35 L.
0.15 4.8 165 12a 0.35 7.5
.15 3.9 165 13a 0.35 1.1
0.15 3.1 165 104 0.35 3.7
0.15 1.8
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Table 0 .
Lgli Vehicle Tests in Yuma Sand, Laboratory Tests,
20 Percent Slip, First Pass .
Penetration- Design - a1l Sand Mobility f
Resistance Deflecti . Coefficient Numter i
Gredient. G eflection  Design oefficien 3/2 :
Test 5 ’ 3 Iosd Pull P G{pd) )
] ™ = X =
No. _ N/em"/em h W, P, N W W a
4.50-18, L-PR
32 14 L.7 0.15 3956 lt89 0.031 .3
33 & 3.8 0.15 3956 267 -0.017 3.
36 4 3.5 c.15 3956 <100 -0.025 3.2
38 Y4 5.9 0.15 3956 578 0.037 5.4
3L 4 3.7 0.35 3956 2267 C.143 7.9
37 4 3.1 0.3¢ 3956 1778 0.112 6.7
Lo 4 5.1 0.35 3956 3467 0.219 10.¢
Ly 4 3.9 0.35 3975 2711 0.171 8.3
o 00-14, 2-FR ;
46 L 5.2 0.15 3956 3200 0.202 1.7
b7 4 3.0 .15 3956 100C 0.063 6.6
48 i 3.4 0.15 3956 2178 0.138 7.6
hg 4 1.8 0.15 3956 289 0.01. 4.0
43 U 3.4 G.35 3956 5200 L.329 17.7
bh 4 2.6 c.35 3956  Looo 0.253 13.5 |
45 b 5.2 0.35 3956 5733 0.362 26.4 ;
51 &4 1.7 0.35 3956 3222 0.20k 3.7 {
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Table il {Contimses}
- Pewtratioe -
Pesisiencs Sesd Moolalty
Iratiaze . Sunter
o Weei Lomd . :
Test Cone Index .r: ¥ Infintion gresnm Deflecticn P W4 32 5
o 0-15 cm =l (¥} | ) £ v - g
X, &5 ek, 2-12-%oc, Padre Isiand, Tex. (Somtipwed)
H Ise 1k 13,58 3 2.210 0.25 %.5
&5 25 i 13,689 1 T o 3.2G7 x.5
e H i3 13,585 14 .21 0.23% 2.7
L 13 22 11,589 2 9.%8 0.25% @7
17z a8 1a 21,559 po] 0.2%5 .27 M7
72 10 w2 23, 10 0.2%5 9.261 7.6
174 ip 12 13,0 % 10 D.26¢ 0.262 3B.7
17 N 12 13,667 10 0.26% 0. 28¢ [2 RN
7% b .2 13,%% T ¥ c.uT w82
e 13z 1z 13,53y 7 9.360 0.3.8 L3S}
W3k, 6x6 Zrack, 2-1/2-Too, Suseirio, France
H 8 7 8,23 1% 0.137 0.1%9 1.5
179 32 2 3,533 b1 2.3z 0.15h =%.9
280 51 s 8,533 13 G.287 2.157 12.9
182 70 3 8,331 ] 0.7 0.151 i7.2
18z 92 2 8,:3" 1 0.2%7 1% 23.3
153 % [ 8,533 7 0.1% 2. 2.3
B ui £ §,523 - 9.175 c.219 12.9
185 £% H 8,533 7 c..76 0.197 5.2
i, &€ Truck, 2-1/-Tom, Pertaile, Prapce
156 6 < 12 b 7 0.290 c.258 1a4.€
¥ 24 125 1 12,500 T 0.250 0.283 7.5
23 353, Sx6 Tras, 2.1/2-Toa, ia Furbelle, France
188 101 Q 10,855 i0 0.203 0.243 %.8
189 %) , 10,839 2 G.203 0.293 31.0
130 86 8 10,889 7 0.252 £.316 #.3
MR 352, 6x0 Truck, 2-i,/3-Tom, Swucinio, Frerce
192 183 13 1,578 21 2.171 0.21% 238
92 33 12 14,518 21 5-171 G.159 28
193 105 9 14,578 2 0.171 v.190 173
198 106 9 1%,578 -4 €.171 0.19% 17-3
195 133 12 38,578 21 o.in C.1%4 2.8
196 1AD 13 %,518 21 o1n 0.2 23.2
197 107 10 14,578 1Y c.22¢ 0.263 3.5
198 67 6 1k,578 1% 3.225 0.193 3
199 5 9 18,578 L 0.225 0.216 .9
200 671 6 1%,578 1s 0.22% 0.238 1h.3
201 97 8 14,578 ik 0.225 ~.188 2:.1
0 10 « 14,578 bU 0.2 0.151 2.8
DR 353, 6ol Prue:, 2-1/2-Ton, la Turdalle, France
203 50 7 18,57 % 0.22% n2,2 17.6
20k 153 13 1,57 1k 0 22 0.195 31.3
. XY 35:, 606 Pruck, 2-1/2.%cn, Suscisio, Prence
205, 6 6 1h,578 10 0.217 0.193 15.7
206 "~ 61 H 14,578 b1 ©.2171 0.200 16.0
200 (] 3 18,578 10 0.277 0.23%0 18.%
foe ) 69 [ 1,577 10 o.err 0.2 18.4
DR 353, 636 Truck, 2-1/2-%om, La Surbelle, Prasce
209 2] 9 18,5718 1 0.27T 9.289 5.7
210 9% 9 I8, 518 10 0.217 0.261 2.7
2 86 3 14,578 10 0.277 0.262 3.2
22 18 7 1,578 7 0.38 2.305 20.8
213 17 1 14,578 7 0.3%8 0.3 .2
26 86 8 1h,575 0.348 0.322 23.2
22 183 17 11,333 16 0.175 .26 %0.3
222 1% » 4 .3 51 G.176 0.227 .7
223 112 15 1,323 1 0.176 o. 352 371.3
o) 50 5 u,333 1% €.176 0.M8 n.1
25 L] S 11,133 1% 0.175 0.093 11.0
2% & 5 11,333 25 0.176 0.090 13.%
2 7= 15 11,333 20 0.226 .97 5.0
{ Crtimed) {2 =2 5 soents)
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Table 11 (Cowluded) -

Peoriration-
Hesiotance £ oG Mobilicy
Sredient Bomer -
~ weel Lowd )
Test Come Inder I, x Iaflation Fressur®  peflection P Ap)¥2 »
Xo. 0-15 cm X/, = N wl-g Y v B
GUBR, Axb Cargo Cerrier, !-Tom (18-2) Viclsierg, ¥iss., Miss. River Seadder (Com®ivued} f
3% 157 1 29,65k 1h c.235 2,380 &1.4 {
335 146 13 29,654 1 0.2+ 5.368 7.9 i
3% 1% 12 x5, 60 9 0.247 0.8 6.9 !
331 12 13 29,658 10 0.2h7 237 £5.7 i
338 1h7 i3 29,5hh 0 0.2T G-366 7.9
339 ke 13 29,554 19 0.7 9.36 ™.
30 e n 29,6k T r .25k 3.431 .2 {
AL 185 b 29,60 7 2.994 2 uhy A ~ i
k2 1N} 13 29,6hi 7 0.2%4 064K R3.2 H
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